Structure and Substrate-Induced Conformational Changes of the Secondary Citrate/Sodium Symporter CitS Revealed by Electron Crystallography  by Kebbel, Fabian et al.
Structure
Short ArticleStructure and Substrate-Induced Conformational
Changes of the Secondary Citrate/Sodium Symporter
CitS Revealed by Electron Crystallography
Fabian Kebbel,1,3 Mareike Kurz,2,3 Marcel Arheit,1 Markus G. Gru¨tter,2,* and Henning Stahlberg1,*
1Center for Cellular Imaging and NanoAnalytics (C-CINA), Biozentrum, University Basel, Mattenstrasse 26, CH-4058 Basel, Switzerland
2Department of Biochemistry, University Zu¨rich, Winterthurerstrasse 190, CH-8057 Zu¨rich, Switzerland
3These authors contributed equally to this work
*Correspondence: gruetter@bioc.uzh.ch (M.G.G.), henning.stahlberg@unibas.ch (H.S.)
http://dx.doi.org/10.1016/j.str.2013.05.011SUMMARY
The secondary Na+/citrate symporter CitS of
Klebsiella pneumoniae is the best-characterized
member of the 2-hydroxycarboxylate transporter
family. The recent projection structure gave insight
into its overall structural organization. Here, we pre-
sent the three-dimensional map of dimeric CitS ob-
tained with electron crystallography. Each monomer
has 13 a-helical transmembrane segments; six are
organized in a distal helix cluster and seven in the
central dimer interface domain. Based on structural
analyses and comparison to VcINDY, we propose
a molecular model for CitS, assign the helices, and
demonstrate the internal structural symmetry. We
also present projections of CitS in several conforma-
tional states induced by the presence and absence of
sodium and citrate as substrates. Citrate binding
induces a defined movement of a helices within the
distal helical cluster. Based on this, we propose a
substrate translocation site and conformational
changes that are in agreement with the transport
model of ‘‘alternating access’’.
INTRODUCTION
Two available classification systems group secondary transport
proteins according to their functionality and sequence homol-
ogy (TC classification; Saier, 2000) or their hydropathy profiles
(ST1–4], MemGen classification; Lolkema and Slotboom, 1998,
2003; ter Horst and Lolkema, 2012). Both systems underline
the enormous phylogenetic, functional, and structural diversity
among secondary transporters. The number of available
high-resolution three-dimensional (3D) structures for these
proteins is growing rapidly, providing unexpected structural in-
sights. So far, all structures reveal 4–14 a-helical transmembrane
segments (TMSs), the majority of protein monomers being
comprised of 11–13 TMSs (Tsai and Ziegler, 2010). Surprisingly,
numerous unrelated secondary transporters seem to share com-
mon global structural folds, e.g., the fold of LeuT (Forrest and
Rudnick, 2009; Yamashita et al., 2005) and the fold of the majorStructure 21, 1facilitator superfamily (MFS; Sun et al., 2012). Most secondary
transporters occur as dimers or trimers (Forrest et al., 2011)
and most of their structures reveal internal structural symmetry
within the single monomers based on (inverted) repeats of a
defined number of helices. More importantly, the growing num-
ber of atomic structures within a common fold provides insight
into the molecular mechanism of secondary active transport
(Abramson andWright, 2009; Forrest et al., 2011; Krishnamurthy
et al., 2009).
In the original model proposing ‘‘alternating access’’, the sec-
ondary transporter alternately exposes its substrate binding
sites to both sides of the membrane, which facilitates a unique
framework for substrate translocation (Jardetzky, 1966). This
model has been refined and extended by numerous crystallo-
graphic and biochemical breakthroughs (Forrest et al., 2011).
According to current knowledge, secondary transporters cycle
through defined structural states. Initial substrate binding, e.g.,
to the empty ‘‘outward open’’ transporter, induces the closure
of outer molecular gates, resulting in the closed ‘‘occluded’’
conformation as a transition state. A further conformational
switch opens the inner gates, leading to the ‘‘inward open’’ state,
where the substrate(s) can be released. The free energy barriers
of these sometimes substantial conformational changes are
overcome by utilizing the binding energy of both substrates
(main and cosubstrate) to the transporter (Forrest et al., 2011).
Different crystallographically captured conformational states
have allowed the transport cycle to be studied and depicted in
detail, leading to three mechanistic models referred to as
‘‘rocker-switch’’, ‘‘gating’’, and ‘‘rocking bundle’’ (Law et al.,
2007; Reyes et al., 2009; Forrest and Rudnick, 2009). All of these
models accentuate the necessity of internal structural symmetry
and each is in good agreement with the original alternating
access model.
The secondary citrate/Na+ symporter CitS of Klebsiella
pneumoniae is the best characterized member of the 2-hydroxy-
carboxylate transporters (2-HCTs), a subclass of bacterial
transport proteins within ST[3] of the MemGen system for which
3D structural information is not available. CitS is postulated to
couple the import of two Na+ ions and one bivalent citrate ion
for anaerobic metabolism (Lolkema et al., 1994; Pos and Dim-
roth, 1996). Models predict an inverted topology of 2*5 helices
organized in two domains plus one N-terminal helix (Krupnik
et al., 2011; Lolkema, 2006; Lolkema et al., 2005; Sobczak and
Lolkema, 2005c; van Geest and Lolkema, 2000). In confirmation,243–1250, July 2, 2013 ª2013 Elsevier Ltd All rights reserved 1243
Table 1. Electron Crystallographic Data
Na-Acetate (3D) Na-Acetate (2D) Na-Citrate (2D) K-Acetate (2D) K-Citrate (2D)
Unit cell dimensions a = 96 A˚, b = 106 A˚,
g = 90
a = 96 A˚, b = 106 A˚,
g = 90
a = 96 A˚, b = 106 A˚,
g = 90
a = 96 A˚, b = 106 A˚,
g = 90
a = 96 A˚, b = 106 A˚,
g = 90
Plane group p22121 p22121 p22121 p22121 p22121
Number of images 79a 7 8 13 11
Resolution in plane (A˚) 6 6 6 6 6
Resolution in z 15 A˚ – – – –
Defocus range (mm) 0.3–2.2 0.4–1.1 0.3–1.2 0.5–1.3 0.4–1.3
Total number of reflections 33,441 1,095 1,034 1,993 1,806
Number of unique reflections 11,480 217 212 219 221
Completenessb 79.3% – – – –
Overall weighted R-factor 31.2% – – – –
Overall weighted phase
error ()
36 27.6 31.2 29.3 31.7
See also Figures S1 and S2.
aTilt angle distribution: 10 (0), 13 (15), 29 (30), 22 (40), and 5 (45).
bCalculated by number of unique reflections to 45 tilt with a figure of merit >50%.
Structure
CitS 3D Structure and Conformationsthe two-dimensional (2D) projection structure of CitS at 6 A˚
resolution published recently (Kebbel et al., 2012) reveals 11
a-helical TMS organized in a distal helix cluster and a central
dimerization interface. The projected distribution of densities in
CitS thereby generally resembles the Na+/H+ antiporters NhaA
and NhaP1 (Appel et al., 2009; Goswami et al., 2011). A detailed
insight into the structural and functional properties of a member
of the ST[3] family, although not of a 2-HCT, was delivered by the
recent crystal structure of the divalent anion/Na+ symporter
(DASS) VcINDY (Mancusso et al., 2012; ter Horst and Lolkema,
2012).
Here, we present the 3Dmap of the 2-HCT CitS at a resolution
of 6 A˚ obtained by electron crystallography of 2D crystals. Each
monomer of the dimer reveals 13 rod-shaped densities, repre-
senting 11 single a helices and two putative helical reentrant
loops. Resemblance to VcINDY enables us to refine our model
with respect to the membrane orientation and dimer interface.
Helices are assigned and the internal structural symmetry of
the N- and C-terminal domains is documented. In addition, pro-
jection structures of CitS in different substrate combinations
indicate a rearrangement of a helices within the distal helix clus-
ters after citrate exposure, particularly in the presence of Na+.
The data highlight the codependence of these two substrates,
support our 3D model, and demonstrate that the substrate bind-
ing site is part of the distal helix cluster. The observed helix
movements are in agreement with those expected for molecular
gates.
RESULTS AND DISCUSSION
Electron Crystallography
Two-dimensional crystals of CitS were grown as described pre-
viously (Kebbel et al., 2012); use of a temperature-controlled
dialysis machine with a sodium acetate buffer allowed the size
and quality of the crystals to be improved. Tubular/vesicular
2D crystals with diameters up to 600 nm were obtained (Fig-
ure S1 available online). Calculated Fourier transforms of cryo-1244 Structure 21, 1243–1250, July 2, 2013 ª2013 Elsevier Ltd All rigelectron microscopy (cryo-EM) images of the flattened tubes
usually showed two lattices resulting from the two crystalline
layers. On image processing in 2dx (Gipson et al., 2007a,
2007b), these lattices were treated as two independent data
sets. The unit cell parameters (96.0 A˚ 3 106.0 A˚ with an angle
of 90.0) and the p22121 plane group are the same as reported
previously (Kebbel et al., 2012) and were unchanged for crystals
that had been soaked in various substrates (Table 1). To extract
3D information, the sample was tilted up to 45 in themicroscope
for data collection. Three-dimensional merging of all 79 lattices
enabled us to continuously sample amplitudes and phases
along the lattice lines up to a vertical resolution of 15 A˚ (Table 1;
Figure S2).
Three-Dimensional Map and Structural Model of CitS
Figure 1 shows the 3Dmap of CitS in the presence of Na+ acetate
at a resolution of 6 A˚ in the membrane plane and 15 A˚ in the
vertical direction. As found in the earlier projection structure,
viewed from the top dimeric CitS is oval, measuring 52 3 96 A˚
(Figure 1A; Kebbel et al., 2012). In the z-dimension, the CitS
dimer spans 40–60 A˚ through the lipid bilayer. The central part
of the dimer is mostly buried in the membrane, while densities
toward the end of the long axis extend 10–20 A˚ out of the bilayer.
The resulting ‘‘M shape’’ of the side view (Figure 1B) confirms the
previous low-resolution single particle structure (Moscicka et al.,
2009). Dimeric CitS has three cavities: one at the center of the
dimer and one at the center of each of the twomonomers. These
cavities are probably filled with lipids or water, respectively.
Manual placement of a-helical poly-A chains into the 3D map
of CitS led to the model shown in Figures 2A and 2B. The two
identical monomers of the dimer are highlighted in red and
blue. The assignment of helices to each monomer is based on
their location and proximity to other helices and on the com-
parison to the structurally related VcINDY (see below). Each
CitS monomer has 13 a-helical TMS organized in two domains.
The domain involved in dimerization, the interface domain, is
composed of seven helices that are partially tilted or kinked uphts reserved
Figure 1. Three-Dimensional Map of CitS
(A and B) The 3D map of CitS viewed from the top
(A) and the side (B). One dimer measures 523 96 A˚
within the membrane plane, spans 40–60 A˚ in the
vertical direction, and has a central dimer interface
domain and two distal helix clusters.
See also Figure S2.
Structure
CitS 3D Structure and Conformationsto 45 relative to the membrane plane; contact between the two
monomers is mainly provided by four helices. The second char-
acteristic domain of each monomer, the distal domain, is formed
by a dense cluster of six helical elements and is located at the
distal tips of the dimer. Besides one kinked helix, most of these
elements are nearly perpendicular in the membrane. Two central
helices within the cluster are split into two shorter parts.
Of the 13 a helices of each monomeric CitS molecule, 11 are
single membrane-spanning helices while two are probably heli-
cal re-entrant loops. This extends and refines the model based
on our previous projection structure (Kebbel et al., 2012), which
exhibited 11 strong densities and four less dense regions. In the
present model (Figure 2A), two of the light regions within the helix
bundle and the central dimerization interface, respectively,
appear to arise from single a-helical segments. Furthermore,
this model confirms that the monomer-monomer interface is
formed by the short axis of the dimer (Kebbel et al., 2012). Due
to the lower vertical resolution of 15 A˚, our data set did not allow
the visualization of amphipathic surface helices; these are pre-
dicted for CitS and are present in other secondary transporters
(Hunte et al., 2005; Mancusso et al., 2012; Sobczak and
Lolkema, 2005b).
Hydropathy profiles of 2-HCTs and DASSs predict CitS and
VcINDY to share a very similar 3D structure with 10+1 TMSs
plus two a-helical reentrant loops (Mancusso et al., 2012; ter
Horst and Lolkema, 2012). However, the low sequence homol-Structure 21, 1243–1250, July 2, 2013ogy of 14% (Figure S3) does not allow
homology modeling. Comparison of the
CitS and VcINDY (Protein Data Bank
[PDB] code 4F35) structures reveals
numerous common features (Figures
2A–2D). Both dimeric transporters have
the same overall shape and architecture;
the interface domain of each monomer
contains seven partially tilted helices
and there is a second distal helical clus-
ter. Furthermore, in both cases, the inter-
face and distal domains of the monomers
are separated by an aqueous basin (as-
terisks, Figures 2A and 2C). Viewed
from the side, the CitS and VcINDY di-
mers have a characteristic M shape,
and the position of the dimerization inter-
face is almost identical. Assuming the
same orientation of both proteins, CitS
would protrude into the cytoplasmic
space (Figure 2B). Another common
salient feature is a vertically oriented helix
at both ends of the dimer’s short axis
(TMS1 on the VcINDY structure in Fig-ure 2C). In VcINDY, however, this is further away from the
protein’s main body.
Although the global structures of VcINDY and CitS dimers look
similar, there are significant differences in both the interface and
distal helix clusters, and the individual monomers superimpose
poorly (not shown). In particular, there are major differences in
the helix positions and orientations at the dimer interfaces
(TMSs 1–4 and 7–9; Figures 2A–D). Separate superposition of
corresponding helix clusters reveals major structural matches
(Figure 2E), but there are still substantial differences in the helical
architecture. In VcINDY, the distal helix cluster is composed of
four partially unwound TMSs (green) and four shorter helical
reentrant loops, HPin/out, each spanning half of the membrane
(yellow; Figure 2F). This is also true for CitS (Figures 2G and
3A), but rather than flanking the TMSs as in VcINDY, the four
short helices are adjacent to each other and at the very center
of the cluster (cyan). Nevertheless, their length and proximity
allow us to speculate that these four short helical elements
represent the reentrant loops Vb/Xa. The significantly different
positions of Vb/Xa and HPin/out in CitS and VcINDY was to be
expected because VcINDY’s HPin/out are found between TMSs
4/5 and 9/10, CitS’s are predicted to be between helices 5/6
and 10/11 (Mancusso et al., 2012; Dobrowolski et al., 2010).
Furthermore, in VcINDY helix 11 sits at the outer border of the
helical bundle and does not contribute to substrate binding
(Mancusso et al., 2012), while TMS11 of CitS is postulated toª2013 Elsevier Ltd All rights reserved 1245
Figure 2. Structural Model of CitS and Comparison to VcINDY
(A–D) Dimeric CitS viewed from the cytosol (A) and the side (B). VcINDY (PDB code 4F35) viewed from the cytosol (C) and the side (D). Single monomers are
colored in red/blue. The two proteins have a similar global architecture. The central dimerization domain and the distal helix clusters are separated by an aqueous
basin (*). The substrate binding sites in VcINDY (/) are in the center of a monomer.
(E) Superposition of the helix clusters from CitS (blue/cyan) and VcINDY (green/yellow) viewed from the cytosol.
(F) Distal helix cluster of VcINDY. TMS 5/6/10/11 (green) and HPin/out (yellow) are shown. The surface helices 4c/9c have been removed.
(G) Distal helix cluster of CitS. Broken TMSs (cyan) may represent helical reentrant loops.
See also Figure S3.
Structure
CitS 3D Structure and Conformationsbe directly involved in citrate binding via R428 (Sobczak and Lol-
kema, 2005a). Together, these differences underline the different
molecular details of CitS and VcINDY although both proteins are
found within the same subclass of ST[3]. As a consequence,
further structural analysis is essential to reliably assign the heli-
ces of CitS (see below).
Molecular Model and Internal Symmetry of CitS
Cross-linking studies on CitS showed that helices 5/6 and 10/11
plus the reentrant loops Vb/Xa form the translocation site
(Dobrowolski et al., 2010). The number of TMSs corresponds1246 Structure 21, 1243–1250, July 2, 2013 ª2013 Elsevier Ltd All rigwell to our model of the distal helical cluster, in which case the
remaining seven TMSs 1–4 and 7–9 constitute the dimer inter-
face as in VcINDY (Mancusso et al., 2012; ter Horst and Lolkema,
2012). Further biochemical studies (Krupnik et al., 2011) and
the VcINDY structure (Mancusso et al., 2012) allow us to assign
the perpendicular helix at the outer end of the dimerization inter-
face as TMS 1. Additional consideration of interhelical dis-
tances led to the detailed molecular model of CitS shown in
Figure 3A. Helix 1 is depicted in yellow, TMSs belonging to the
N-terminal domains in green (2–6), and TMSs belonging to the
C-terminal in blue (7–11). Interestingly, helices of the C- andhts reserved
Figure 3. Molecular Model and Internal Structural Symmetry of CitS
(A) Molecular model of CitS. Helices belonging to one monomer are depicted in yellow (TMS1), green (TMS2-6), and blue (TMS7-11).
(B and C) Superposition of the N- and C-domains focusing on (B) the dimer interface and (C) the distal helix cluster.
(D) Independent alignment of both domains.
Structure
CitS 3D Structure and ConformationsN-terminal domains intertwine muchmore than proposed in pre-
vious models (Krupnik et al., 2011; Kebbel et al., 2012). In our
model, helix 11 and the helical reentrant loops Vb/Xa are adja-
cent to each other at the inner edge of the distal cluster. Thus,
all known functionally important and highly conserved elements
are positioned at the inner edge and center of the distal helical
cluster, close to the aqueous basin. This includes Arg428 of
TMS11 and the GGxG motifs at the tips of Vb/Xa, which are
directly involved in substrate binding (Dobrowolski et al., 2010;
Sobczak and Lolkema, 2005a).
Analysis for the expected internal structural symmetry of each
monomer validated the presented molecular model and the helix
assignment. Rotating helices 1–4 by 180 along the dimer’s long
axis gives a good match to TMSs 7/8/9 (Figure 3B), but the
putative symmetry-related elements of the distal helix cluster
do not fit each other. Similarly, a superposition focusing on the
distal cluster, with TMSs 5/6 and Vb corresponding to 10/11
and Xa (Figure 3C), leads to a bad fit within the interface domain.
Alignment of the two domains individually emphasizes the sym-
metry observed for each (Figure 3D). Other helix assignments do
not fulfill the symmetry correlations expected for a CitS dimer
and none result in a symmetry mate for TMS1, which again
supports our model.
The transport cycle of VcINDY is thought to be accomplished
by a defined movement of the N- and C-terminal halves of theStructure 21, 1distal helix cluster relative to each other using the dimer interface
as a static anchor point (Mancusso et al., 2012). This would lead
to the internal symmetry relationship being valid either for the
central dimerization domain or for the helix cluster but not for
both simultaneously, in agreement with our CitS model. Thus,
the transport mechanisms used by CitS and VcINDY, and
possibly by 2-HCTs and DASSs in general, are probably very
similar. Overall, the presented molecular model confirms,
refines, and extends most previous findings for CitS.
SubstrateInduced Conformational Changes
Two-dimensional crystals of CitS grown in buffer containing Na+
acetate were soaked in selected substrate combinations before
cryo-EM sample preparation. This led to four different projection
structures in (1) Na+ acetate, (2) Na+ citrate, (3) K+ acetate, and
(4) K+ citrate, each at 6 A˚ resolution. All four projections have
the shape and dimensions of unsoaked dimeric CitS, and all
data sets exhibit low phase residuals (Table 1) and reliable calcu-
lated diffraction spots (Figures S4 and S5). Differencemapswere
calculated from these four maps to examine the influence of the
different substrates on the conformation of CitS.
The first difference map (Figure 4A) was calculated from the
projections obtained in Na+- and K+-acetate. Structural differ-
ences are negligible across the whole dimer as indicated by
bluish and reddish areas with a maximum intensity of ± 0.2. In243–1250, July 2, 2013 ª2013 Elsevier Ltd All rights reserved 1247
Figure 4. Substrate-Induced Conforma-
tional Changes
(A–D) Difference maps of CitS in the presence
of different substrates: K-Acetate/Na-Acetate (A),
K-Citrate/K-Acetate (B), K-Acetate/Na-Citrate (C),
and Na-Acetate/Na-Citrate (D). Cation exchange
in acetate (Na+/K+) only causes minor structural
changes. Binding of citrate causes density shifts
within the distal helix cluster, particularly in the
presence of Na+. The proposed substrate trans-
location site is indicated (x). The contour of the
minuend is plotted. Scale bar, 2 nm.
See also Figures S4 and S5.
Structure
CitS 3D Structure and Conformationsthe presence of K+ and absence of Na+, citrate induced slight
density changes (red peaks) toward the center of the distal helix
cluster (Figure 4B). The largest structural changes were found
when the Na+-citrate projection was compared to its citrate-
free counterparts (K+-/Na+-acetate). Both difference maps (Fig-
ures 4C and 4D) exhibit strong peaks (±0.3/±0.5) at central and
inner regions of the distal helix cluster, while the dimer interface
domain is almost unaffected. The positions of the observed cit-
rate-induced density changes are the same in both cases
although the intensities are slightly different and confirm the
weaker peaks found in the absence of Na+ (Figure 4B). Two addi-
tional difference maps shown in Figures S5E and S5F confirm
these results. In all difference maps, the background (lipid
bilayer) is without noteworthy changes.
The density changes demonstrate the rearrangement of
a helices within the distal helix cluster of each CitS monomer
induced by the binding of citrate. This primarily occurs in the
presence of Na+; K+ supports minor changes at similar locations.
The central dimerization interface remains unaffected by sub-
strate exchanges. These findings suggest (1) that substrate bind-
ing occurs within the distal helix cluster of eachmonomer, (2) that
the central helices primarily provide the dimer interface and are
not involved in substrate binding, and (3) that citrate-induced
conformational changes require Na+ ions as a cosubstrate.
Overall, these findings are in agreement with available models
for secondary symport. With the exception of EmrE (Ubarret-
xena-Belandia et al., 2003), the monomeric protein is the
functional unit of the secondary transporter, oligomerization
may regulate transport activity and enhance stability (Herz
et al., 2009; Perez et al., 2011). This also applies to CitS. None1248 Structure 21, 1243–1250, July 2, 2013 ª2013 Elsevier Ltd All rights reservedof the 14 helices at the center of
the dimer, seven from each monomer,
respond to substrate exchange, empha-
sizing their primary role as a static anchor
point with little or no functional role. From
the citrate-induced a-helix movements
observed at highly reproducible posi-
tions, the substrate binding site is located
close to the inner edge of the distal helix
cluster of each monomer (Figure 4D,
black cross). In agreement, according to
our model (Figure 3A) this site is formed
by helices 5, Vb, Xa, and 11, which harbor
all known functionally important residues.Citrate would bind close to the aqueous basin at the center of the
monomer, providing a structural framework for effective sub-
strate translocation. The proposed binding site closely resem-
bles that of the structurally related transporter VcINDY (arrow,
Figure 2C; Mancusso et al., 2012).
As there wasNa+ acetate but no citrate in the buffer, ourmodel
probably corresponds to an empty ‘‘inward open’’ or ‘‘outward
open’’ CitS conformation, ‘‘Ci’’ or ‘‘Ce’’, respectively. The con-
formational change occurring in the presence of citrate probably
relates to the Na+- and citrate-induced closure of inner/outer
molecular gates at the start of the transport cycle (Forrest
et al., 2011). In the resulting inward or outward facing closed
state ‘‘CSic’’ or ‘‘CSec’’, the substrates are inaccessibly buried
within the membrane. The movements of helices or hairpins
during such gate closures are usually relatively small (Shima-
mura et al., 2010). In good agreement, the observed shifts
were in the range of 5 A˚.
Like numerous other Na+-coupled transporters, CitS was pre-
viously shown to be inactive in the presence of K+ and less active
in the presence of Li+ (Lolkema et al., 1994, Mancusso et al.,
2012, Boudker et al., 2007). Na+ usually binds to the protein first
providing a suitable structural and electrostatic framework for
the main substrate by direct or indirect interaction (Yamashita
et al., 2005, Mancusso et al., 2012). This is also valid for CitS
(van der Rest et al., 1992). Consequently, the weak citrate-
induced density shifts observed in the presence of K+ (Figure 4B)
were unexpected. Although the 2D crystals were extensively
soaked in K+ buffer, CitS might have retained minute amounts
of previously bound Na+, which then enabled the slight confor-
mational change observed. Additional biochemical and higher
Structure
CitS 3D Structure and Conformationsresolution structural data are required to further elucidate ion
coupling in CitS.
Conclusions
In this study, we present the 3D model of the dimeric citrate/
sodium symporter CitS of K. pneumoniae based on electron
crystallography of 2D crystals. Each CitS monomer is composed
of 13 helices. These are organized in two characteristic domains:
seven in a central cluster forming the dimerization interface and
six in a dense distal cluster. Considering previous models, we
developed a detailed molecular model of CitS in which we
assigned 11 transmembrane helices, two helical reentrant loops,
and a substrate binding site. The global architecture of CitS
resembles that of VcINDYwith substantial differences in the helix
orientations and positions of reentrant loops. The helical assign-
ments proposed in our model are validated by the internal struc-
tural symmetry within each CitS monomer. Additional structural
analyses revealed conformational changes induced by the bind-
ing of Na+ and citrate. The observed helix shifts are spatially
limited to the distal helix cluster and are in agreement with
gate movements predicted to take place during the transport
cycle by the alternating access model.
EXPERIMENTAL PROCEDURES
See the Supplemental Experimental Procedures for a detailed description.
Two-Dimensional Crystallization
Two-dimensional crystals were produced by reconstitution of detergent
solubilized CitS into phospholipid bilayers.
Electron Microscopy and Image Processing
Cryo-EM of plunge-frozen 2D crystals was performed on a Philips CM200 with
a field emission gun. Micrographs were recorded at an acceleration voltage of
200 kV and processed using the 2dx software package (Gipson et al., 2007a,
2007b).
Model Building and Difference Maps
The 3D model of CitS was generated in Chimera (Pettersen et al., 2004) by
manually placing a helices into the 3D volume. Difference maps were calcu-
lated by subtraction of two corresponding merged projection maps in real
space, taking statistical analyses into account.
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